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Introduction
55
The term "traceability" is currently used more than ever, both in the food industry, and in the 56 production industry in general. There are many large research and technical development 57 (RTD) initiatives and projects relating to (food) product traceability on company, national and 58 international level. There are food traceability requirements in international legislation (e.g. In this article we refer to "that which is under consideration" in the traceability definition as a 127
Traceable Resource Unit (TRU). This is a well-established general term, used in many 128 scientific articles (Kim, Fox, & Gruninger, 1995; Kelepouris, Pramatari, & Doukidis, 2007; 129 Pizzuti, Mirabelli, Sanz-Bobi, & Goméz-Gonzaléz, 2014). As far as the traceability system is 130 concerned, a TRU can be any traceable object, and typically it is a trade unit (e.g. a case, a 131 bag, a bottle, or a box), a logistic unit (e.g. a pallet or a container) or a production unit (i.e. a 132 lot or batch). An important distinction is between internal units, which are defined by the 133 company in question (e.g. production lots or batches) and normally identified using company-134 specific, internal codes that are not generally understood outside the Food Business Operator 135 (FBO), as opposed to trade units, which pass between companies and have to be identified in 136 a way that both trading partners can understand (Karlsen, Olsen, & Donnelly, 2010; Thakur, 137 Martens, & Hurburgh, 2011). There is also often a hierarchy of TRUs, in that a box may be 138 part of a pallet that in turn may be part of a container, and all these are considered to be TRUs 139 in their own right. The main focus in this article is to analyze the components of a traceability 140 system, thus we will not go into further detail when it comes to TRU types. The definition above refers to "recorded identifications", so in a traceability system there 145 must be some way of identifying the TRUs, it refers to "throughout its entire life cycle", so 146 there must be some way of keeping track of TRU relationships as they move through the 147 supply chain, and it refers to "any or all information relating to that which is under 148 consideration", so there must be some way of recording TRU attributes. Thus, we can broadly 149 identify the components of a traceability system to be as follows: 150 151 1. a mechanism for identifying TRUs; (Section 3.1)M A N U S C R I P T A C C E P T E D When choosing a code or structure for the identifier, there are many options. Most often, the 166 TRU identifier is numeric or alphanumeric, and the length can vary from a few characters 167 (used for internal batch identification) to a couple of hundred (used, for example, for 168 electronic product identification where the code is read from a computer chip associated with 169 the TRU). The code can be a simple sequential code with no inherent structure (e.g. batch 170 number 1 is produced on day number 1) or it can have a structure where different parts of the 171 code have different meanings. On global level, the international, non-profit organization GS1 172 defines codes and number series to avoid accidental re-use of numbers (Storøy, Thakur, & 173 Olsen, 2013) . GS1 also defines how the numbers can be printed in various machine-readable 174 formats, including bar-codes. An example of a rather advanced and lengthy code for TRU 175 identification is indicated in 
182
In practice, most codes used in the food industry (and in the production industry in general) 183 are shorter and simpler than this, and contain fewer fields. For instance, the fields "Header", 184 "Filter", and "Partition" are only relevant if several different types of codes use the same 185 structure, "Company prefix" is only needed for codes that will be used outside the 186 organization in question, and "Serial number" is only used if each TRU has a unique identifier 187 (as opposed to several TRUs sharing the same identifier, see Section 3.1.2). Simpler and 188 shorter codes for TRU identification are commonly used in the food industry; the SGTIN 189 code was selected as an example because it is fairly comprehensive, and the fields in the 190 shorter codes will often be a subset of the fields outlined in Table 1 . bottles of a certain brand from a given producer will have the same GTIN code), whereas 208 some are meant to be used on only one TRU. A one-to-many relationship between codes and 209
TRUs is quite common in the food industry, when one single code (unique within a context) 210 is found on many TRUs. This happens, for example, when the code describes a production 211 run or production batch that results in many TRUs. In the traceability system, this is 212 problematic, because the code in question does not point to one, and only one, TRU. Thus, as 213 far as the traceability system is concerned, the TRUs are indistinguishable. In the real world, 214 the TRUs are of course not indistinguishable, and while they may initially share many 215
properties (e.g. origin, location, environmental attributes), they are physically separate entities 216 and may have different paths through the supply chain. With the advent of longer codes, and 217 media that can carry longer codes (RFID chips in particular), one-to-one relationships 218 between codes and TRUs are becoming more common (Dabbene, Gay, & Tortia, 2016 ). This 219 is similar, for example, to the relationship between cars and license plate numbers, or between 220 people and social security numbers, in that in a given context there is only one unit (TRU in 221 our case) with a given code. A one-to-one relationship between codes and TRUs allows for a 222 more powerful traceability system. As the code remains associated with the TRU, new 223 attributes of the TRU can be linked to the unique code in the traceability system. If a one-to-224 one relationship between codes and TRUs does not exist, it is difficult to record attribute 225 values for the TRU in question in the system, as the code in question is shared by several 226
TRUs, whereas the attribute value in question may not be shared by all of them (e.g. exact 227 location at a given date and time). 228
229
To illustrate what the problem is in the absence of a one-to-one relationship between codes 230
and TRUs, if a red and a green truck both transported TRUs with identical codes from 231 production to storage and unloaded them there, it would be impossible to identify which TRU 232 came from the red truck, and which came from the green truck. It could be that the cooling 233 system on the red truck broke down, and the TRUs in that truck were subjected to high 234 temperature for a significant time. If the red truck and the green truck deliver their TRUs to 235 the same recipient, after delivery the TRUs that came from the red truck can no longer beM A N U S C R I P T
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distinguished from the ones that came from the green truck, and later it would be impossible 237
to find out what route the TRUs took to get there, and which ones had been subjected to high 238 temperature. Even if the truck drivers wanted to record information pertaining to the TRUs in 239 their truck, they could not do so, because there was no identifier that the recording could be 240 Global Positioning System (GPS) location etc.), but they are more expensive. The identifier 265 may also be associated with the TRU indirectly, for instance when a computerized traceability 266 system keeps track of exact TRU location (e.g. on a conveyor belt), and the identifier is 267 known in the IT system, but it is not physically associated with the TRU in any way. • "one input TRU, one output TRU", where only one input TRU is used to produce one 287 output TRU (e.g. one whole fish (input TRU) is filleted and placed alone in a single 288 fish box (output TRU)); 289
• "merging of input TRUs", where a number of input TRUs are used in (mixed) 290 conjunction to produce one output TRU (e.g. two different feed bags (several input 291 TRUs) are poured into one feed silo (one output TRU)); 292
• "splitting of output TRUs", where one input TRU is used as basis for production of a 293 number of output TRUs (e.g. one meat producing animal (one input TRU) are cut into 294 numerous fillets that are placed in different boxes (several output TRUs)). The nodes are TRUs, the weights are indicated below the nodes, and the incoming and 307 outgoing amounts (percentages) from and to the respective processes are indicated on the 308 vertices. As an illustration, the diagram indicates that 600 kg of TRU 111 was combined with 309 900 kg of TRU 133 to make TRU 222. The 1 500 kg TRU 222 in turn went into TRU 311 310 (600 kg), TRU 322 (300 kg) and TRU 333 (600 kg). For a given TRU, the TRUs that was 311 used to produce it is commonly referred to as "the parent TRUs", and the joint collection of 312 all parent TRUs, grandparent TRUs etc., going all the way back to the start of the chain, are 313 referred to as "the ancestor TRUs" or just "the ancestors". Thus, the ancestors of TRU 333 are 314
TRUs 222, 111, 133, 244, and 144. For a given TRU, the TRUs that it produced is commonly 315 referred to as "the child TRUs", and the joint collection of all child TRUs, grandchild TRUs 316 etc., going all the way forward to the end of the chain, are referred to as "the progeny TRUs" 317 or just "the progeny". Thus, the progeny of TRU 244 are TRUs 333, 422, 444, 344, and 433. 318
Knowing the ancestors and progeny is particularly relevant if some sort of contamination is 319 identified in the TRU in question; the ancestors must be examined to identify where theM A N U S C R I P T
contamination originated from and, thus, help identify which other TRUs might be 321 contaminated, and the progeny are considered contaminated, and must be recalled. 322 323 This traceability tree is very simplified, with four clearly defined stages of production 324 (indicated by the first digit of the TRU identifier), only one interchangeable type of raw 325 material / product, 100% constant yield (no loss), a very short chain, and very few nodes. In 326 general, a real life traceability tree for an actual supply chain will be a lot bigger and a lot 327 more complicated. Also, unless the FBOs are vertically integrated through the supply chain 328 and share information freely, it may not be possible for anyone to visualize the entire 329 traceability tree, but respective subsets of the tree can be visualized in each company in the 330 supply chain. 331 332
Direct or indirect recording of transformations
334
Recording of a transformation is simplest when we know the input TRUs identifiers and the 335 output TRUs identifiers; then the relationship between inputs and outputs can be recorded 336 directly. However, in many processes the details of the transformation are not explicitly 337 known, either because of undocumented mixing, or because data are not recorded. An 338 example of undocumented mixing is when feedbags are added to a non-empty feed silo, and 339 feed from that silo is used as input into a process (for more examples see (Skoglund & 340 Dejmek, 2007)). A transformation happens in the silo from numerous feedbag inputs to 341 numerous "feed extracted from the silo" outputs, but even if we know the input and output 342
TRUs identifiers, we do not know the details of the transformation. What normally happens is 343 that the silo is emptied regularly, and then we can identify a transformation from all the 344 feedbags that were added since the silo was last emptied to all the feed extractions that 345 happened in this period. This is indirect recording of transformations; it is normally connected 346 to a time span, and it is quite common practice in the food industry. 347 carriages contain recorded data rather than physical products. The mechanisms related to 385 identifiers and transformations in a traceability system may be likened to the railroad track 386 that connects everything together, whereas the attributes recorded may be likened to the 387 carriages that move on the tracks. The traceability mechanisms (the railroad track) is what 388 ensures that data once recorded (the carriages) are connected, and can be moved from place to 389 place without loss. If the necessary mechanisms are in place (the railroad track), adding more 390 attributes (carriages) is fairly trivial, and, from a system perspective, there is no limit to the 391 number of attributes that can be linked to a given TRU. Table 2 gives some examples from 392 the ISO 12877 standard "Traceability of finfish products -Specification on the information to 393 be recorded in farmed finfish distribution chains" (ISO, 2011b), indicating attributes for fish 394 coming from a fish farm. The TRU in question is typically fish in a cage or in a well-boat. 395 396 Table 2 . Examples of attributes that can be linked to a given Traceable Resource Unit (TRU) 397 in the supply chain for finfish products. Source: ISO 12877. FBO = Food Business Operator. 398
TRU attribute type Example
Attributes of the producing FBO FBO name, address, national identification number, certification schemes etc.
Quality control checks undertaken on the TRU
Results from organoleptic, physical, chemical or microbiological tests.
Temperature record for the TRU Time/temperature log.
TRU description
Size distribution (weight per size grade), condition factor, fat content, color, texture, net weight, average weight, total weight per quality grade etc.
TRU production data Starving period, fish density record, disease record, treatment record, feeding record etc.
399
In general, assigning identifiers and recording transformations represent costs for the FBOs; 400 the FBO is mostly interested in getting access to the attributes of all TRUs in the system, and 401 in knowing the ancestor TRUs and the progeny TRUs. Perhaps for this reason many 402 publications and reports on traceability focus almost exclusively on the TRU attributes. 403
However, if we want to describe, analyse or improve a traceability system we need to take all 404 the components into consideration because without the other components indicated, we would 405 not have access to the TRU attributes that we are interested in. The distinction between the different components is particularly important when discussing 440 potential for improvement of the system. Elaborating on all possible traceability system 441 weaknesses and possible improvements is beyond the scope of this article, but a list of 442 examples is included in Table 3, Table 4 , and Table 5 . For more information on recording of TRU attributes, see (Bosona & Gebresenbet, 2013) . 464
465
A complicating factor is that everything in a traceability system must be considered a claim, 466 not a fact, which means that we are also going to need mechanisms for verifying and 467 validating the claims. Erroneous claims may occur, e.g. because of production errors, 468 recording errors or deliberate fraud. See (Borit & Olsen, 2012 ) for a discussion 469 of this issue. 470
471
For some types of production, in part of the supply chain the production is continuous, there is 472 no separation of TRUs, and discrete TRU identifiers are not necessarily defined; dairy and 473 grain production are examples of this. This type of production requires a slightly different 474 type of traceability system and also some other components, but these particular challenges 475
have not been dealt with in this article. This main objective of this article is to name, describe, and make a clear distinction between 484 the different components of a traceability system. In particular, to distinguish between the 485 mechanisms in a traceability system related to assigning identifiers and recording 486 transformations, as opposed to the TRU attributes that we want to get access to. This is a 487 distinction not always made in previous articles, reports and other documents relating to food 488 traceability, and this omission has in some instances led to unclear or incomplete analyses and 489
conclusions. The distinction is particularly important when describing and comparing 490 traceability systems, and when recommending improvements to a given system. In both these 491 cases, the respective components need to be considered separately. Hopefully the distinctions 492 made in this is article can serve as a useful starting point for future work on this topic. • A traceability system needs to identify the unit that is being traced
• It needs to document the joining and splitting of units in the supply chain
• It needs to record data describing the unit in question and the environment it is in
• When analyzing traceability systems, each component type must be considered
